Grain boundaries (GBs) in polycrystalline materials play a pivotal role in controlling their mechanical and physical behavior. High-resolution electron microscopy (HREM) was used to study thermally activated GB migration in thin films of Al and Au at elevated temperatures (T > 0.5 T m ). Grain boundary engineering via epitaxial templating allowed the manufacture of well-defined grain and interfacial geometries. These techniques enabled the observation of tilt, but also twist and general GBs at atomic resolution in-situ at high temperatures. Surface-energy driven GB migration occurred in general GBs, whereas tilt GB motion was curvature driven. Digital analysis of HREM video recordings have given considerable insight in the dynamics of GB motion at elevated temperatures. It is not surprising that the complex and diverse migration mechanisms depend on GB geometry as well as on interatomic interactions. The results provide, among others, direct evidence for collective effects by concerted atomic shuffles, ledge propagation in (113) symmetric tilt GBs, and motions of triple junctions at elevated temperatures.
INTRODUCTION
Past research on GB migration has largely focused on macroscopic observations in poly or specially designed bicrystalline specimen. It was found that GB mobilities of high-angle GBs in metals depend strongly on GB geometry and the presence of impurities. However, it was clear that information on atomic-scale processes could not be directly obtained by such experiments. The present experimental investigations utilize direct observations of the atomic-scale dynamics of GB structures in thin films at elevated temperature. Although real-space, real-time HREM is necessarily limited to observation of thin films we shall show that GB migration mechanisms can be elucidated, including their dependence on high-angle GB crystallographic parameters.
The considerable complexity (involving five macroscopic degrees of freedom) of possible geometric arrangements between two adjoining crystals presents a special challenge for GB structure -property correlations. In addition, atomic-scale relaxations in GBs also depend on the detailed form of interatomic interaction. Macroscopic investigations indicate that GB mobilities are linearly related to the driving force for GB migration [1] . Capillary forces have most often been used in bicrystal GB migration experiments. Such macroscopic curvature-driven migration studies are complicated by the fact that GB energy depends on the GB plane. On a microscopic scale many GB facets could be involved, each of which may have different energetic and kinetic properties. Nevertheless, it is well established that GB mobilities may range over orders of magnitude, depending on misorientation alone [1, 2] . Studies of activation enthalpies for GB migration generally give values corresponding to lattice self-diffusion mechanisms for low-angle GBs, whereas the temperature dependencies of high-angle GB migration often indicate enthalpies close to GB self-diffusion values.
The migration of high-angle GBs involves thermally activated atomic movements that translate the GB by incorporating atoms from a neighboring grain into the growing grain. Among the atomic-scale processes that have been proposed for GB migration are glide mechanisms, diffusion mechanisms characterized by jumps of single atoms, collective rearrangements of groups of atoms, and processes that involve the motion of steps or ledges along the boundary [1] . The processes and their rates specific to a given boundary are expected to depend on GB structure and will also be influenced by the presence of point defects and impurities.
In this paper grain boundary engineering techniques, briefly described, are important for obtaining sample geometries suitable for HREM observations. Epitaxial templating is used to manufacture [001] and [110] high-angle tilt GBs in Au thin films. This technique is also applied to create films with (001) and (110) grains side-by-side, which allow HREM studies of twist and general (i. e. boundaries that contain tilt and twist components) GBs. High-temperature HREM observations generally require the application of protective amorphous layers, another interfacial engineering problem. Video recordings of the dynamics of GBs at elevated temperature are digitally processed to remove residual specimen drift to within a small fraction of the interatomic distance.
The main part of this paper describes in-situ HREM observations of several [11 -0] , [001] tilt and general GBs in Au thin films. First, examples of collective effects in GB migration are given for several GB geometries. This important mechanism was first proposed more than 50 years ago [3] , but has only recently been observed experimentally [4] . It involves the concerted motion of groups of atoms that assume the orientation of a neighboring grain by atomic shuffles, similar to the atomistics of martensitic transformations. We also discuss this mechanism in connection with the often observed jerky motion of high-angle GBs at elevated temperature. GB glide mechanisms are only expected for very special GB geometries. The 33, = 20° GBs have allowed interesting observations regarding the variety of mechanisms that can be involved, depending on the orientation of the GB plane. In contrast to tilt GBs whose motion is curvature driven, films with (001) and (110) grains side-by-side may have very large driving forces for GB migration, due to the difference in surface energies. The temporal behavior of GB motion in this case is dominated by jerky GB movements. Finally, observations on triple junctions and the role of ledge motion in (113) symmetric tilt GBs in Al and Au are discussed. In spite of the considerable experimental difficulties and limitations of in-situ HREM observations, considerable insights have been gained into the atomic-scale dynamics of GB migration.
EXPERIMENTAL
In order to obtain suitable specimen for axial illumination HREM we applied an epitaxial templating technique [5] . Briefly, epitaxially grown (110) or (001) films were placed onto NaCl (110) or (001) NaCl substrates at the desired in-plane rotation. Low-energy Ar sputtering (500 eV) through a physical mask was used to expose the NaCl substrate in selected areas. Subsequent vacuum deposition of Au under epitaxial growth conditions provided bicrystalline orientations of grains with a multitude of grain shapes, often including nanocrystalline island grains (see figure 1) Electron-transparent sections were prepared by low-energy Ar-ion milling. Since it was desirable to observe the various GB facets at temperatures near 0.5 T m and above over extended periods of time the effects of Au surface diffusion and the formation of GB grooves at high temperature needed to be minimized. Therefore both Au surfaces were protected by thin layers (1.5 nm) of SiO 2 , whereas in Al the native oxide served as a protective layer. The atomic-resolution high voltage electron microscope (ARM) at the Max-PlanckInstitut in Stuttgart was utilized for observations at an electron beam voltage of 1250 kV [6] .
In-situ heating experiments were performed using a side-entry heating stage. Rapid heating to temperatures above 0.5 T m typically was followed by severe specimen drift that however settled to a manageable level within a few minutes. Electronic image drift compensation available at the ARM was used at this point to keep the area of interest within the field of view at the high magnifications necessary for atomic-scale observations. At magnifications of 600,000 or 800,000x a GATAN image intensified camera was utilized to record video sequences on BETACAM magnetic tape. Subsequently the tapes were transcribed to the digital DV-NTSC video format (640x480 pixels) for analysis. To be able to precisely compare HREM recordings as a function of time, residual specimen drift had to be compensated by digital video processing. Commercial software packages (Adobe After Effects and Commotion Pro, Pinnacle Systems Inc.) were used to accomplish stabilization to within a small fraction of the interatomic distance in the images.
When the images obtained by the axial illumination HREM technique are taken near the optimum defocus they can often be interpreted in a qualitative fashion [7] . Under these conditions the contrast motifs are closely related to the positions of atomic columns in the projected structure. The imaging condition that was used throughout the present paper produced atomic column motifs that appear white. 
COLLECTIVE EFFECTS IN GRAIN BOUNDARY MIGRATION
A longstanding issue has been whether GB migration involves collective effects whereby groups of atoms from one grain are incorporated into the adjacent grain by cooperative atomic shuffles [3, [8] [9] [10] [11] . Similar to a martensitic transformation such a collective shuffling mechanism could be very fast, up to the speed of sound. Tilt grain boundaries are found in films with identical surface normals if the boundary is perpendicular to the surface. Such boundaries depend on GB curvature for boundary migration.
The atomic-scale response of a GB at high temperature in the absence of significant curvature can give important insights regarding GB migration mechanisms. For a straight boundary at high temperature one may over time expect random excursions if the GB migration is due to diffusional processes. However, if collective effects play a role the boundary is expected to undergo rapid positional fluctuations due to the collective shuffles of small groups of atoms. In contrast to a martensitic transformation, which involves a change in free energy, such GB movements don't involve an energy change and should therefore be completely reversible in the absence of a driving force for GB migration. This feature has recently been used to directly show that collective effects do indeed exist in GB migration [4] . The premise is that if collective effects exist at high temperature and when no driving force acts on the GB, the shuffling transformation must be reversible. Thus at high temperature spatial fluctuations of GB position are expected that involve groups of atoms that switch back and forth between neighboring grains. Such fluctuations were observed at a number of tilt GBs as well as a general GB involving up to several hundred atoms [4] . The fact that the fluctuations were limited to certain facets, at least at the temperatures investigated, points to the importance of the atomic-scale structure for initiating atomic shuffles. An example in figure 2 shows atomic-scale detail of a GB movement that has gone back and forth a number of times at 983 K. Three consecutive video frames depict an asymmetric facet in the left half of the images. The arrow indicates a misfit dislocation. For a short instance, within 1/30 s, as the GB has moved to the lower position, the misfit has becomes delocalized. At 0.07 s the misfit is localized again, but has moved to the right side of the figure. Figure 3 shows an inclined general GB between two (001) grains. This GB shows rapid fluctuations of its Moiré width, indicating small changes in the position of the GB plane at high temperature.
HIGH TEMPERATURE BEHAVIOR OF DISSOCIATED GRAIN BOUNDARIES
The 33, (113)(557) asymmetric tilt GB possesses an interesting structure, as depicted in figure 4 . This boundary includes a periodic stack of short segments of stacking faults. The latter accommodate a smooth and coherent transition of the (111) lattice planes crossing the GB at an angle of 20°. In spite of the possibility of glide on (111) planes, the boundary remained mostly stable at high temperature. This largely stationary behavior is most likely due to the constraints at the termination of the facets. One observation showed spontaneous movement of such a facet accompanied by a movement of an associated dislocation. Figure 5 shows two GB facets of this type as they form the apex of an island grain. This illustrates the fact that GBs are always connected to other GBs that may not be mobile, or may be mobile in a different direction and thus provide a lock against GB motion. The mobility then is limited by the necessity to overcome this barrier. In a polycrystalline material the connection to other grains and the properties of triple junctions then play a critical role. 
SURFACE ENERGY DRIVEN GRAIN BOUNDARY MIGRATION
Boundaries formed between (110) and (001) grains were always found to migrate in a direction that increased the size of the (001) grains. This can be understood if the surface-energy can act as driving force. Because (001) grains have a lower surface energy than (110) grains, the difference between (011) and (001) grains provides a driving force for growth of (001) type grains, as observed in the experiment (see figure 6 ). The driving force is given by P = 2 /d where d is the film thickness. Estimates of can be obtained from the work of Wolf, who calculated for (001) and (011) surfaces in Au [13] . At a film thickness of 10 nm, we obtain = 30 mJ/m 2 which results in a driving force of P = 1.2 x 10 7 Pa under the assumption that the SiO 2 layers have no effect on the relative surface energy differences between the grains. Given this change in free energy per unit volume each atom transferred across the GB gains on the order of 10 -3 eV. The GB velocity is given by v GB = M GB • P. , where M GB is the GB mobility. Therefore the GB mobility can be determined in this experiment if the film thickness is known:
The average velocity over the total period of observation in figure 7 is approximately 0.08 nm/s. This corresponds to a GB mobility M GB = 6. . After the GB encounters the (111) twin, the average velocity accelerates to about 1 nm/s at the end of the sequence. Throughout the migration the GB proceeds in spurts of rapid movements during which the instantaneous velocity may be as high as 10 nm/s. It can be seen in figure 7 that the movement of the different segments of the GB is coupled: The spurts occur almost always at the same time near the top, middle section and near the bottom of the images. This indicates that the jerky GB movement is caused by a collective shuffle mechanism. It is reasonable to assume that the shuffle was initiated at a local point. Therefore, the propagation must occur very rapidly, since in no case did we observe the lateral progression of a ledge along the GB. It appears that the (113)(120) GB that is formed after the encounter with the twin has a higher mobility and drags along the triple junction and the (331)(230) facet that remain near the bottom of the image. The observations on boundaries between (110) and (001) grains indicated that the possible migration modes depend on GB geometry and include rapid ledge propagation and collective migration modes. . A (001) grain to the right is joined to a (110) grain at the left. The surface energy driven GB migration proceeds in several steps in a jerky manner. The time dependence of the lateral GB position near the top, the center and the bottom of the figure is depicted in figure 7 below. The lefthand grain contains a (111) coherent twin. As the GB passes the twin the GB geometry changes from the (331)(230) to the (113)(120) general GB. The latter has a rather planar structure in contrast to the stepped morphology of (113)(120). The GB mobility increases with this change in GB plane as seen in Fig 7 . figure 6 . See text.
N6.1.7 [110] TILT GRAIN BOUNDARY MIGRATION
High-angle [110] tilt GBs are distinguished by their low GB free energies [15] . Above we have already discussed the special properties of 33 dissociated asymmetrical GBs. The 11, (113) symmetric GBs have much lower energy than any other facets at the 11 misorientation.
Therefore ledge motion may be an important GB migration mechanism at this geometry and has indeed been observed, as will be discussed below. At 9 a number of GB facets have been examined by in-situ HREM at elevated temperature [16] . Certain facets proved to be quite stable, even at temperatures near 773 K. At 823 K rapid disappearance of the apex of a nanograin was recorded, corresponding to a minimum speed of 7.5x10 -8 m/s. This event appears to have been triggered by a local atomic arrangement that resulted in a collective shuffle of a finite region. Subsequently this island grain was further reduced in size, but not always in a jerky fashion [14, 16] . Finally, the grain was spontaneously consumed by the surrounding single-crystal matrix.
9 GBs were observed up to 893 K. At this temperature GB movement was evident at many facets and also involved GB configurations that moved back and forth several times until the GB finally progressed in a direction consistent with a decrease in total free energy [14, 16] .
The lateral propagation of ledges or atomic-scale steps at GBs is one of the possible mechanisms for GB migration. Figure 8 shows a step in a (113) symmetric tilt GB in Al. Such a configuration has also been termed "disconnection". The (113) symmetric tilt GB has a unique low energy structure, thus the GBs are identical on both sides of the step. Therefore, since the step height does not correspond to a period in the CSL, the step must contain a step dislocation. Kurtz et al. [17] have performed computer simulations in Al of several step and dislocation configurations. Detailed simulation of relaxed structures and comparisons of experimental images with HREM image simulations will be necessary to reveal the exact nature of the step dislocation in figure 8 . Whereas in general such a step could move by a combination of climb and glide, Kurtz et al. have also found in-plane step vectors that could move by shuffles [18] . At 523 K (0.56 Tm) the step was observed to move to the right to the position indicated in Fig. 8b . A detailed analysis of the kinetics of this has recently been performed and has shown that the step dislocation performs random movements at elevated temperature in addition to a concerted motion along the GB [19] .
The same macroscopic step geometry was found to be present at two steps in an Au (113) symmetric tilt GB [14] . This structure was quite stable, even at temperatures as high as 0.71 T m . Although the steps remained stationary at this temperature small random excursions (one interplanar spacing) also occurred. In figure 9 we compare the atomic-scale structure of the steps in Al and Au. It is found that the atomic relaxations at the step in Au are substantially different than in Al. An essential difference in step structure is the formation of a short stacking fault in Au. In this manner the relaxations are more evenly distributed among the two crystals which would explain the higher stability towards motion at elevated temperature.
DISCUSSION AND SUMMARY
In this investigation it has become clear that great variations exist regarding the atomicscale dynamics of GBs. These differences reflect mostly the multitude of possible GB geometries. However, differences in atomic interactions can also affect GB mobilities, as comparisons between (113) ledge migrations in Au and Al have shown.
A characteristic feature of practically all high-temperature experiments has been the great temporal variability of GB motion. The instantaneous velocity during certain times may be orders of magnitude greater than the average velocity. Spurts of motion, followed by periods of zero GB velocity are typical for atomic-scale GB migration. 'Jerky motion' has been previously observed in macroscopic migration experiments [1, 9] . We note, however, that GB movements examined by HREM are often so small (see Figs. 3 , 5, and 9) that they would not be visible macroscopically.
The maximum velocity that can be detected in the present experiments is limited by the finite time resolution of the video recordings (1/30 s) and the small field of view at high magnification (~ 15 nm image width). Thus, the maximum recorded speed would be approximately 2 •10 -7 m/s . Indeed, in several cases a GB completely moved out of the field of Figure 9 . HREM images of step structures in Al and Au compared. The macroscopic geometry of the GB steps is identical. However, at the atomic level, the step in Au includes a short stacking-fault relaxation (SF) in contrast to Al, which has a much higher stacking fault energy view from one frame to the next. By contrast, macroscopic GB migration experiments, for example in Al, typically are performed at the much higher migration rates between 10 -6 and 10
It appears that the rapid spurts that follow a long period at rest, are initiated by a triggering event which creates the condition for rapid advancement of the GB. GB migration by atomic shuffles has been proposed before with the tacit assumption that atomic shuffles take place in a collective mode. That collective effects in GB migration exist has been shown above. It is also reasonable to assume that collective effects are responsible for the rapid spurts of GB motion. We envisage that to get this process started, a thermal activation produces a local atomic constellation that is favorable for initiating a shuffle that rapidly replicates the orientation of the advancing grain.
Additional insights into the atomic-scale migration of high-angle GBs were obtained by the HREM observations of general GBs for which the same jerky motion behavior was found as in tilt GBs. Since in this case the surface energy provides a constant driving force, differences in mobilities could be detected between the (113)(120) GB and the (331)(230) GB. Hence, this directly demonstrated that GB migration at the atomic scale also depends on the orientation of the GB plane. GB mobilities as a function of time varied in these experiments by more than 2 orders of magnitude.
Tilt GBs about [1 1 -0] as a whole are known to have the lowest energies in fcc materials, possessing also a denser GB core structure than other high-angle GBs [15] . Therefore, it may be more difficult to initiate atomic shuffles in [1 1 -0] tilt GBs. As to the general question: which
GBs have high mobilities, we note that the GB excess volume is roughly proportional to GB energy [15] . Thus, high-energy GBs have a more open core structure which should allow more room for atomic-scale rearrangements to start the shuffling process. Consequently, in addition to geometrical factors, high-energy GBs may be expected to have in general higher mobilities in pure materials. We note that due to impurity segregation the opposite trend has sometimes been observed in macroscopic GB migration experiments [1]. The spurts in Figs. 8 and 9 often took place from one frame to the next. If we assume that the shuffling process is triggered at one specific point at the GB, its propagation must be extremely fast. The shuffling transformation must have traveled along the whole GB length within 1/30 s or less, since we could not observe a partially transformed section. However, in a previous experiment, albeit at room temperature, the propagation of a ledge along a general GB could be observed [20] . Collective effects in GB migration were discussed by Mott more than 50 years ago [3] . He envisaged that small regions at a high-angle GB could be incorporated into the neighboring grain by cooperative atomic movements, either by local melting and resolidification or by some other kind of transformation involving small groups of atoms. The present results give no indication for local melting, since within the time resolution of the present experiments the crystalline structure has always been maintained during GB migration. Cooperative effects in GB migration were invoked by a number of authors [3, [8] [9] [10] [11] , including Babcock and Balluffi who interpreted their observations of 'jerky motion' in near 5 Au GBs as caused by a shuffling mechanism that involved only small, but cooperative movements of each individual atom [9] .
We have shown that collective effects in GB migration exist for several GB geometries. However a detailed description of cooperative shuffles would require that atomic-scale models have to take into account the enormous complexity of GB structure. Assuming that for a given boundary the possible shuffles are known, one still needs to identify the excitations and possible defects that can trigger the transformation. One also needs to understand why the spurts that are observed experimentally typically stop after a relatively short distance. If one considers the fact that the excess free volume of the GB has to move along with the GB it is clear that the shuffling transformation would stop as soon as the elastic strains are large enough. Indeed, when there is a reduction in GB area, as in curvature driven GB migration, the corresponding excess GB volume must also be accommodated. This problem has been addressed recently by Upmanyu et al. [21] in a detailed molecular dynamics study in which mobility nonlinearities and non-steady-state behavior along with vacancy formation during GB migration were found.
In special GB geometries GB migration may be easy, such as for the (113)(557) asymmetric facets that can move by glide on (111) planes. Nevertheless, the GB position often remained stationary. This was due to the fact that in an island grain the GB is always connected to other GBs that may not be mobile, or may be mobile in a different direction and thus provide a lock against GB motion. This situation certainly should be most common in GB migration, whenever a GB is connected to different facets or a defect. The mobility then is limited by the necessity to overcome this barrier. In a polycrystalline material the connection to other grains and the properties of triple junctions then play a critical role.
Another example of the importance of the role of interatomic interactions is the comparison between (113) symmetric tilt GB step dislocations in Al and Au. Here relaxations in Au again involve formation of a stacking fault, however with the opposite effect on GB migration properties. Ledge migration mechanisms are very important at surfaces and heterophase interfaces, and have frequently also been considered in GB migration [22] . However, because of the multitude of possible GB geometries, ledge mechanisms probably are important only in a small subset of GBs. Low energy GBs that are structurally very stable against vicinal GB plane inclinations and atomic shuffles should be prime candidates for a ledge mechanisms. The (113) twins that we have investigated certainly fit this description. The contrasting migration behavior of the (113) step dislocations in Al and Au can be explained by the different atomic-scale relaxations at the step. The small random displacements of the step dislocation cores that have been observed in Al and to a lesser extent in Au appear to be thermally induced [19] . Since the concerted motion of many atoms is involved in the step translation, this behavior was surprising and warrants further investigation of the temperature dependence of dislocation motion at the atomic level.
